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Abstract

Sutherland, Ashley B., M.S., Department of Biochemistry and Molecular Biology, Wright
State University, 2013
Fabrication of Responsive Polymer Brushes for Patterned Cell Growth and Detachment

Patterned polymer brushes are used in biological applications to enhance cell
function and to achieve selective cell growth. These patterned surfaces have a variety
of applications, including cell sheet harvesting and tissue engineering. This work
describes creation of chemical, topological, and responsive patterns on glass by
sequential surface-initiated polymerization of poly(N-isopropylacrylamide)-co-(2hydroxyethyl methacrylate) (pNIPAM-co-HEMA) and subsequent use of UV lithography
to pattern the surface with pNIPAM. The cell adhesion peptide, RGD, is then
immobilized on the surface of the copolymer pHEMA via DSC-coupling to spatially
enhance cell adhesion properties. By culturing cells at 37°C, cells selectively grow on
DSC-activated pNIPAM-co-HEMA and not on the block copolymer pNIPAM due to its
non-fouling properties at thicknesses greater than 20nm. Selective cell growth of
NIH3T3, a mouse embryonic fibroblast cell line, is demonstrated on pNIPAM-coHEMA/pNIPAM patterns of different dimensions. By lowering cell culture temperatures
below the lower critical solution temperature (LCST) we can take advantage of the
functionality of pHEMA’s hydroxyl group and the thermoresponsive property of pNIPAM
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in order to detach patterned cell sheets detach from pNIPAM-co-HEMA surface. Thus,
we have created a single polymer brush platform that provides both positive and
negative tone patterns for cell growth, as well as incorporating thermoresponsive
polymers to fine tune surface properties and enable selective detachment of cell sheets,
as well as facile modification of non-fouling regions via common and robust DSCcoupling for use in cell sheet engineering applications.
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I. Introduction
A. Overview of tissue engineering and needs for a material interface
The concept of tissue engineering began with a chemical engineer, Dr. Robert
Langer, and a physician, Dr. Joseph Vacanti to overcome shortages in organ
transplantation and battle the difficulties with donor tissue grafting (Yang et al. 2005;
Yamato and Okano 2004). The overarching field, regenerative medicine, sometimes
used synonymously with tissue engineering, focuses on developing tissues for specific
organ systems which are not able to heal by themselves due to disease and injury
(Cortesini 2005). This includes but is not limited to, defective tissue in cardiac muscle,
skin, corneal, and liver tissues (Elloumi-Hannachi et al. 2009). Traditionally, tissue
engineering involves the use of a biodegradable scaffold which supports the growth of
cells and formation of a tissue or injection of a single cell suspension (Kelm and
Fussenegger 2010). In fact, treatment of various diseases and disorders with cell
therapies has been explored for almost 40 years (Yang et al 2006). Moreover, Dr. E.
Donnell Thomas won the Nobel Prize in Medicine and Physiology for his discoveries in
the treatment of malignant hematological diseases, including various types of
lymphoma and leukemia by injecting bone marrow cells directly into subjects (Kasakura
2005). In spite of this, treatment with single cell injections has its limitations because it
is difficult to control the positioning, shape, and size of the cells at the site of injection
1

(Matsuura et al 2013). Fortunately, this is where biodegradable scaffolds take
advantage of those shortcomings. For example, skin grafting, created by in vitro culture
of keratinocyte stem cells, is commonly used to treat patients with acute burns of the
skin and diabetic ulcers (Yang, Joseph et al. 2006). Yet still, problems arise when using
biodegradable scaffolds because of the observed inflammatory responses to the
degradation of polymers and in the treatment cell dense tissues such as in the heart and
liver. Cells at the center of the dense tissue assemblies become necrotic due to lack of
diffusion of nutrients and oxygen (Matsuda et al. 2007). Therefore in this work, we
focus specifically on cell sheet engineering which involves retrieving and multiplying
autologous cells into single monolayers, called cell sheets, so that natural tissues can be
assembled to replace damaged tissues in-vivo. Because there are many negative
immunological responses and problems with biocompatibility when using foreign cells
and materials in patients, the best approach is to use a persons’ own cells to create
tissues, so that damaged tissues can be repaired (Yang et al. 2007). Patterned
biofunctional surfaces are critical for use in regenerative medicine because numerous
tissues require co-cultured and structurally organized cell architectures (Goubko and
Cao 2009). Figure 1 summarizes our concept to deliver a patterned responsive surface
that is suitable for functionalization to address this issue. Living tissues are very diverse
in that several heterotypic cell types are involved for the organ or tissue to properly
function. Use of micropatterns is promising because we can begin to imitate the threedimensional structure of natural tissues. For example, skeletal muscle is structurally
oriented in such a way that its striated design is necessary for muscles to implement
2

movements correctly (Tsuda et al 2005, Takahashi et al 2011). Therefore, in order to
correctly mirror the natural orientation of tissue, methods for patterning must be
explored.
B. Responsive polymer background
Polymer brushes consist of polymer chains attached at one end to an interface.
The density of the polymers prevents overlapping and causes the chains to extend away
from the surface, thus making a “brush” (Zhao and Brittain 2000). Poly (N-isopropyl
acrylamide) (pNIPAM) is an example of a class of responsive polymers which change
shape in response to an external stimulus. These responsive polymers may respond to
outside stimuli such as temperature, pH, light irradiation, and solvent treatment (Sun
and Qing 2011). pNIPAM, a thermoresponsive polymer, has characteristics that are the
best balance to date for modulating the surface for cell adhesion and detachment and is
commonly used for the spontaneous detachment of cell sheets (Brun-Graeppi et al.
2010). pNIPAM exhibits a reversible structural change in shape due to changes in
temperature above and below 32°C, referred to as the lower critical solution
temperature (LCST) (Kikuchi and Okano 2005). Above its LCST, pNIPAM is hydrophobic
and maintains a compacted globule conformation. In an aqueous environment, when
the temperature is decreased below the LCST, pNIPAM is much more hydrophilic and
swollen due to the extension of the polymer chains (Matsuzaka et al 2011). The unique
feature of this polymer is the physiological temperature at which it changes from
hydrophilic to hydrophobic. Above 32°C, when pNIPAM is hydrophobic, it permits
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cellular adhesion, however below the LCST it becomes hydrophilic and cells
spontaneously detach from the surface with their extracellular matrices undamaged.
This method allows for removal of an intact cell sheet without the use of instruments or
proteolytic enzymes, such as trypsin.
Xyloglucan is another temperature responsive polymer which transitions from a
random coil to a globular form at specific temperature ranges. Unlike pNIPAM, it
exhibits a thermal hysteresis when it endures successive heating and cooling cycles
(Brun-Graeppi et al. 2010). Additionally, the thermoresponsive polymer,
methylcellulose has a LCST that is more than 30°C higher than pNIPAM’s transition
temperature, ranging from 60°C to 80°C (Brun-Graeppi et al. 2010). This temperature is
much higher than physiological temperatures, which makes it unsuitable for cell sheet
detachment. For these reasons, pNIPAM is commonly used in cell sheet engineering
and for many other bioengineering applications such as drug delivery systems,
hydrogels, and smart materials that can act as sensors or serve a role in molecule
separations for aqueous chromatography (Elloumi-Hannachi et al 56).
C. Making and optimizing responsive surface
There are several approaches to the assembly of pNIPAM including “grafting to”
and “grafting from” methods, and those that use irradiation to induce polymerization
such as, electron beam, UV-irradiation, and plasma grafting methods (Kizhakkedath et
al. 2004). Figure 2, the schematic representation shows that polymer chains interface

4

Figure 1. Schematic representation of patterned cell sheet detachment.
Patterned responsive surfaces can be functionalized to specifically deter and attract
cellular growth. Several cell types can be seeded onto the surface (Cell A or Cell B) and
grown to confluency. Thereafter cells are exposed to a reduction in temperature
(<20°C), and patterned cell sheets are detached from the surface with extracellular
matrix intact. Multi-functional cell sheets can be created by overlapping Cell type A with
Cell type B. Lastly, by creating multilayered cell sheets, functional tissues with diverse
cell types can be designed to make multifunctional tissues with many applications in
regenerative medicine.

5
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Figure 2. Schematic representation of surface polymerization.
A.) Polymer brushes have different shapes and geometric configurations including
swollen, in which chains protrude vertically from the surface, and collapsed, where
polymer chains are globular in shape. This is dependent on grafting density, molecular
weight, chemical composition, and surroundings of the grafted polymer. B.) The
“grafting from” method involves attaching an initiator to the surface and growing the
polymer chains ‘from’ the surface. C.) The “grafting to” method comprises growth of
polymer chains in solution then grafting them ‘to’ the surface. D.) Polymer brushes can
have several different architectures. Block copolymers with composition variation
orthogonal to the surface or compositionally mixed brushes or (not shown) random
copolymer brushes. Bottom shows collapse-swell transition of responsive polymers.
(red: polymer type A; Blue: polymer type B)
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with solid surfaces such glass, silicon, and tissue culture polystyrene (TCPS) and can be
prepared as copolymers and block copolymers. We focus on a method called atomic
transfer radical polymerization which allows control of the thickness of pNIPAM and
creates a “living polymer” for subsequent reactions to take place. We use both ATRP
and the “grafting from” approach for assembly of block copolymers because the
initiation mechanism is well-defined, and the grafted polymers have low polydispersity,
elevated functionalities, and distinct molecular weights (Li et al 2011; Zhao et al 2000).
Using this method, others have found that if pNIPAM is grafted too densely it increases
the hydrophilicity of the surface and decreases cellular adhesion. On the other hand,
decreasing the amount of pNIPAM may cause poor cell sheet detachment (Takahashi et
al 2012).
There have been many different approaches to solve this dilemma which include
investigating polymerization methods that increase cellular adhesion and decrease the
time it takes for sheet detachment. Matsuzaka et al, studied the effects of poly(benzyl
methacrylate)-b-poly(N-isopropyl acrylamide) (pBzMA-b-pNIPAM) on bovine carotid
artery endothelial cells. They prepared the surface using reversible additionfragmentation chain transfer radical (RAFT) polymerization, which uses dithiobenzoate
as the chain transfer agent (Matsuzaka, Naoki et al 2012). This method is similar to
ATRP in that it is used to control molecular weight and polydispersity of the grafted
polymer. Interestingly, cell adhesion strength was affected by the hydrophobic PBzMA
layer, however cell detachment was accelerated at 20°C due to the cell repellant
properties of the pNIPAM layer.
9

D. Functionalization of a thermoresponsive polymer brush
Attaching peptides, proteins, and other bioactive molecules to the surface of
pNIPAM is a common practice, in order to adding functionality and enhancing certain
properties of the surface. Specifically, in order to improve cell adhesion properties,
molecules like epidermal growth factor (EGF), vascular endothelial growth factor (VEGF),
insulin, and arginine-glycine-asparagine (RGD) are immobilized to the surface
(Hatakeyama et al 2005; Hersel et al 2003; Li et al 2011). There are several approaches
that have been developed in order to incorporate these bioactive molecules, such as,
the insertion of copolymers and block copolymers. Moreover, simply by changing the
composition of the surface with copolymers and block copolymers may influence
changes in the adhesion properties of the material. For these reasons, poly[(Nisopropylacrylamide)-r-((3-(methacryloylamino)propyl)-dimethyl(3sulfopropyl)ammonium hydroxide)](P(NIPAAm-r-MPDSAH)), was examined for its ability
to enhance the cellular attachment and detachment of NIH3T3 fibroblasts. Using water
contact angle measurements, a technique that quantifies the wettability of a surface, it
was determined that by finely tuning the thickness of the polymer to 3-4 nm and
controlling the ratio of pNIPAM to MPDSAH to 75:1, cell attachment occurred at 37°C
and cell detachment at 25°C (Kong et al 2009). Likewise, in order to decrease cell
detachment time, Ebara et al, manipulated the composition of the grafted polymer by
copolymerizing pNIPAM with 2-carboxyisopropyl acrylamide. As opposed to using
acrylic acid to insert reactive carboxyl groups which shifts the phase transition of
pNIPAM higher than usual, copolymerization with 2-carboxyisopropyl acrylamide retains
10

the same functional ability as the carboxylate group but does not cause large increase in
hydrophilicity. This resulted in more rapid and nearly complete cell sheet detachment
from the copolymerized surface in 60 minutes at 20°C, whereas a pNIPAM-only surface
barely began to detach at the 60 minute point (Ebara et al 2004). Here we observe that
by adding specific copolymers to pNIPAM without a bioactive molecule can change the
adhesion and detachment properties of the material.
Arginine-glycine-asparagine (RGD) is an integrin binding peptide which is
commonly used in biomedical engineering to enhance cell attachment to a polymer
surface (Hersel et al 2003). It is well known that integrins play a major role in cellular
anchoring and spreading. Traditionally, proteins like fibronectin and collagen had been
used for cell adhesion however, the commonality between these extracellular matrix
proteins are the cell recognition peptide, RGD. First by isolating this unique motif, many
researchers have shown that by immobilizing RGD on the surface, cell adhesion in the
first 4 hours is enhanced, especially on materials which are non-biofouling (Hersel et al
2003; Navarro et al 2008). Researchers have demonstrated that by copolymerizing
pNIPAM with a comparable polymer which has a carboxyl functional group, the binding
motif, RGDS, can be attached to the surface via biotinilaytion with streptavidin. Cells
attached to the surface without the presence of serum at 37°C but then detached at
20°C. Here we see that by immobilizing this cell adhesion molecule to the surface both
attachment and detachment were achieved (Nishi et al 2007). Addition of bioactive
molecules, specifically RGD, has been shown to enhance the functionality of polymer
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surfaces allowing for improved cellular attachment (Cooperstein and Canavan 2010;
Hatakeyama et al 2006).
E. Effects of patterned thermoresponsive surfaces
Currently, there are numerous techniques to pattern surfaces such as,
microfluidics, micro contact printing, and photolithography (Elloumi-Hannachi et al).
Hatakeyama et al, reports the biofunctionalization of pNIPAM by carboxyl
functionalization of the surface. This carboxy terminal group allowed the addition of the
peptide, RGDS, and the growth factor, insulin through an amide bond formation. They
compared the growth of NIH3T3, a mouse fibroblast cell line, in an FBS-free culture.
Use of electron beam-induced surface patterning allowed site-selective functionalization
of biomolecules by using a metal mask to cover certain areas. Cells adhered and grew
initially dominating on areas specifically where RGDS and insulin were immobilized. This
group successfully was able to both grow and detach mesh-like cell sheets on RGDmodified pNIPAM surfaces by simply reducing the temperature for use in designing
vascular networks in regenerative medicine (Hatakeyama et al 2007). Moreover, Tsuda
et al, created a block-co-grafted system using pNIPAM and n-butyl methacrylate (BMA)
because of their differences in transition temperature. By culturing rat primary
hepatocytes at 27°C, cells adhered to the hydrophobic regions of the co-grafted
pNIPAM-BMA and not the pNIPAM-only areas. Afterwards by increasing the
temperature to 37°C, bovine carotid endothelial cells, were seeded and adhered to the
now hydrophobic domains of the pNIPAM-only regions. Subsequently, by reducing the
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temperature well below both LCSTs of pNIPAM and BMA at 20°C, sheets of co-cultured
cells were successfully released from the polymer surface.
F. Rationale
Exploration of cell sheet engineering is a promising field to subjugate the effects
of inadequate organ and tissue transplantation quantities for the vast number of people
who need them. Transplantation medicine is growing and many options are being
pursued to combat this deficiency such as, the use of biodegradable scaffolds to
generate new organs, the synthetic production of tissues and valves, and using living
cells to repair function of tissues and organs (Cortesini et al 2005). Traditional tissue
engineering methods, such as injection of cell suspensions, are limited because there is
not adequate support for cells to become established to a surface and grow. In
addition, the use of proteolytic enzymes used to collect these cells break cell-to-cell
interactions and destroy extracellular matrix proteins (Yang et al 2007). Cell sheet
engineering has several advantages over the traditional methods, including no need for
a biodegradable scaffold and a detachment method which keeps the extracellular matrix
proteins intact which help in restoration of functional tissues (Yang et al 2006). Many
new methods have been created to optimize the function and design for cell sheet
detachment. However, further study is necessary to develop “tailor-made”
thermoresponsive surfaces which have desirable mechanical properties for specific cell
types involved and targeted tissue or organ. We examined the effectiveness of
pNIPAM-co-HEMA as a responsive surface by investigating polymer brush growth and
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ability to control composition of mixed monomers and architecture of block copolymers.
Secondly, we tested the impact of brush composition on cell growth and attachment.
Here we explored several variables including polymer brush composition, grafting
density, addition of growth factors, polymer brush thickness, and the effects on various
cell lines. In this study, we demonstrated the ability to create a functionalized surface
with complex linear, triangular, and various geometrical patterns in order to examine
cell sheet detachment characteristics of these engineered surfaces.

14

II. Materials and Methods
A. Materials
Silicon wafers were purchased from Wafer World. The copper(I) chloride,
copper(II)chloride, Undecen-1-yl 2-bromo-2-methylpropionate (BMPUS, 5% v/v
solution), 2,2’ –bipyridine, N,N,N’,N’N’’-pentamethyldiethylenetriamine (PMDETA), Nmethylpyrrolidone, tetramethylammonium hydronxide, 2-hydroxyethyl methacrylate
(HEMA), N-isopropylacrylamide (NIPAM) were purchased through Sigma Aldrich (St.
Louis, USA). All cell culture media were purchased from Sigma (St. Louis, MO, USA).
B. Cell Culture
The non-small cell lung carcinoma, H1299, was purchased from ATCC. HaCaT, an
immortalized keratinocyte cell line was generously provided by Dr. Dori Germolec from
the National Institute of Environmental Health Sciences. SAOS2 and NIH3T3 were both
purchased from ATCC. Each cell line was maintained in Dulbecco’s modified Eagle’s
medium (DMEM) with 100 U penicillin, 100 µg streptomycin, and 8% fetal bovine calf
serum (FBS).

15

C. Substrate preparation – polymer brush synthesis
Poly(2-hydroxyethyl methacrylate) brush synthesis
Square glass slides were cleaned by sonication to prepare for polymerization by
Atom Transfer Radical Polymerization (ATRP) process. Slides were first treated to
UV/Ozone for ten minutes in order to prime the glass surface for the attachment of the
initiator, BMPUS. As shown in Figure 3, treated slides were immersed in a 0.25%
initiator solution of BMPUS diluted with anhydrous toluene overnight at -20°C. Then, in
order to remove unreacted radicals, the slides were sonicated in toluene two times for
ten minutes. 2,20-Bipyridine (0.724 g, 5 mmol), copper(I) chloride (0.233 g, 2.35 mmol),
and copper(II) chloride (0.017 g, 0.126 mmol) were added to a septum sealed 3-neck
round bottom flask and purged with N2 gas. Methanol (14 ml), water (2.5 ml), and
HEMA (12.3 g, 94.5 mmol) were degassed individually with N2 gas for 10 minutes and
added to the round bottom flask by syringe. The solution was stirred for 2 h under N2
gas to completely dissolve all solids. To minimize exposure to oxygen during
polymerization, the HEMA solution was transferred by syringe to N2 gas purged septum
capped vials containing BMPUS–initiator coated surfaces. pHEMA brush growth was
allowed to proceed for 3 h at room temperature. After polymerization, substrates
coated with PHEMA polymer brushes were sonicated twice in methanol for 5 min and
dried under a N2 gas stream (Yom et al 2012).
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Poly(N-isopropylacrylamide) brush synthesis
Slide cleaning and initiation occurred as previously stated. In a septum sealed 3neck round bottom flask, N-isopropylacrylamide (2.26 g, 20 mmol) was dissolved in a 1 :
9 ratio mixture of N2 degassed methanol (2 ml) and water (18 ml) under N2 gas. After
dissolution, copper(I) chloride (2.47 mg, 0.025 mmol) and PMDETA (13.0 mg, 0.075
mmol) were added. The solution was stirred under N2 gas until all solids were dissolved.
The NIPAM solution was transferred by syringe to the desired substrate housed in N2
gas purged septum capped vials for minimal exposure to oxygen during polymerization.
pNIPAM brush growth was allowed to proceed at varying times at room temperature.
After polymerization, substrates coated with pNIPAM polymer brushes were sonicated
twice in methanol for 5 minutes and dried under a stream of N2 gas (Yom et al 2012).
pNIPAM-co-HEMA brush synthesis
Substrate initiation occurred as previously stated. Polymerization of pNIPAM-coHEMA took place in a 3-neck flask that was sealed and purged of oxygen via a N2 flow.
An 11% mixture of methanol and water was degassed under N2 gas and added to the 3
neck flask. Subsequently, NIPAM (20mmol) was added and stirred until dissolved. Next,
copper(I)chloride (0.025 mmol) and PMDETA (0.075 mmol) were added and stirred until
dissolved. Lastly HEMA (1-15%) was added to the solution. After sealing the glass slides
in containers purged with N2 gas, the solution was transferred by syringe to the
containers for polymerization. The reaction was allowed to proceed at varying lengths
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Figure 3. A diagram of PHEMA polymerization and RGD functionalization via DSC
activation. A.) Arginine-Glycine-Aspartic Acid (RGD) is a short integrin binding peptide
which binds to the extracellular matrix (ECM) of cells to improve cell attachment to
surfaces. Disuccinimidyl carbonate (DSC) activation changes pHEMA from a surface that
does not allow bio-fouling to a surface that permits protein binding and cell attachment.
B.) Poly (2-hydroxyethyl methacrylate) is composed of repeating carbon chains and
contains a functional hydroxyl group for covalent attachment of proteins and peptides.
C.) poly (N-isopropyl acrylamide) is unique in the fact that it has an amide group
attached to its carbon chain.
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of time at room temperature in order to vary the thicknesses of the samples for study.
Afterwards, the slides were rinsed and sonicated in methanol (Yom et al. 2012).
D. Activation of pNIPAM-co-HEMA
Activating pNIPAM-co-HEMA changes the properties of HEMA to enhance the cell
adhesion properties from that which does not allow bio-fouling to a surface that permits
protein binding and cell attachment. Polymer brush samples were sonicated in
methylene chloride for 5 minutes. Figure 3 illustrates, 0.165 g of Dimethyl amino
pyridine (DMAP) (200 mmol) and 0.32 g of Disuccinimindyl carbonate (DSC) (200mmol)
were dissolved separately in 5 mL anhydrous dimethylformamide (DMF) (100mmol).
First the DMAP solution was added to slides in a glass container then DSC. Using a long
needle, N2 was blown into the solution to purge the container of oxygen. The container
was sealed and reaction was allowed to proceed overnight. The samples were then
rinsed in DMF then methylene chloride and dried with nitrogen (Lane et al 2011). Some
samples were incubated at room temperature in a 0.1 - 1 mg/ml solution of ArginineGlycine-Aspartic Acid (RGD) with PBS for 12 hours. RGD samples were purchased from
Peptide 2.0, Inc .
E. Patterning
First slides were sonicated in acetone and methanol for cleaning. Depicted in
Figure 4, after drying, Shipley S1813 photoresist was spin coated on top of the substrate
to cover the entire slide. The samples were post baked at 115°C for 1 minute. For
photolithography, slides were aligned using a Cobilt CA-800 device. A Photo Sciences
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Inc., master photolithography mask was used to create different shapes and patterns on
the samples. Next, the polymer brush substrates were exposed to UV, then soaked in
MF-319 for development and rinsed with water. Finally, another polymer brush was
grown in in the spaces exposed after photolithography. Samples were placed in glass
containers that were sealed and degassed under N2 and a single monomer (pNIPAM)
was grown according to the same polymerization methods previously mentioned
without the addition of HEMA. Samples were sonicated in methanol and 1 wt% Nmethyl-pyrrolidone, tetramethyammonium hydroxide to remove the left over
photoresist (Yom et al 2012).
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Figure 4. Diagram of block-co-polymer patterning with pNIPAM.
On a glass substrate pNIPAM-co-HEMA is grown as a single brush. Afterwards, S-1813,
photoresist is spin coated on top then exposed to UV-light while covered with a
patterned mask. After development, a second brush, pNIPAM, is grown on top. Finally
the remaining photoresist is removed by using a solvent solution (adapted from (Yom et
al 2012).
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F. Characterization of pNIPAM-co-HEMA
Samples were made in duplicate on silicon wafers for characterization. In order
to determine surface roughness and confirm the presence of patterns, Atomic force
microscopy (AFM) was performed. A Dimension 3100 scanning probe microscope with a
Nanoscope V controller was used in tapping mode at room temperature and ambient
conditions. Thickness of the polymer brushes were determined by ellipsometry using a
Senetech SE400 with variable angles ranging from 40 to 70° and a wavelength of 632.8
nm. X-ray photo-electron spectroscopy (XPS) was performed to confirm elemental
composition of the substrate. A Surface M-probe Instrument was operated at a base
pressure of 3 x 10-7 Pa, operating voltage of 10kV and ESCA 2000 software was used to
interpret the data. Fourier transform infrared spectroscopy was performed on a Perkin
Elmer Auto-Image IR microscope using transmission mode on a double polished silicon
wafer. The polymer brush on the other side of the wafer was etched away using UV–
ozone treatment before analysis (Yom et al. 2012).
G. Cell proliferation assay
Substrates were sterilized in methanol and rinsed three times with water and
DMEM, then pre-soaked in DMEM before cells were seeded. Cells were plated at a
density of 1 x 105 or 2 x105 cells/well in a six-well plate or twelve-well plate, and
incubated at 37°C and 5% CO2. Cells were trypsizined, stained with trypan blue, and
then manually counted at 12, 24, 48, and 72 hours.
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H. Bright field imaging of cells on pNIPAM-co-HEMA
Cells were plated at a density of 1 x 105, 1.5 x 105, or 2 x 105 cells/well in six or
twelve-well plate. After 24 hrs after seeding, cells were rinsed with sterile PBS three
times and slides were transferred to new dishes for imaging. Images were taken using a
Leica DMI-6000B microscope at 10x for each of the samples.
I. Cell sheet detachment
Sheet detachment was tested in several different ways. Once cells reached
confluency, the glass slides with cells were transferred to a new dish. They were gently
rinsed 3x with PBS then incubated in 4°C DMEM until detachment occurred. Another
method for rapid cell sheet detachment was tested by transferring the cells to a new
dish and incubating at 20°C for various amounts of time until sheet detachment
occurred.
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III. Results
A. Characterization of cell sheet scaffold – pNIPAM-co-HEMA
Ellipsometry is used to determine and measure the thickness of semitransparent thin films. Here, we compare the thicknesses of pNIPAM-co-HEMA with
and without the addition of the peptide RGD by way of DSC activation. We prepared
the samples by growing a random co-polymer, pNIPAM-co-HEMA, as the primary block
on silicon wafers. Subsequently, some samples were activated with DSC and incubated
with 0.1 mg/ml of RGD overnight to covalently couple the peptide to the surface. Then,
either pHEMA or pNIPAM were grown on top as the second block. Samples with
pHEMA as the second block copolymer were also compared by length of time the block
copolymer was grown on top from 1 to 4 hours. As shown in Table 1, the DSC activation
causes a slightly thicker brush with the block copolymer, pHEMA and RGD. Brush
growth begins to level off between 1 and 2 hours at approximately 63 nm. When
pNIPAM-co-HEMA is not DSC-activated growth is to some extent lower. By comparing
the thicknesses of pNIPAM-co-HEMA with and without DSC activation, we determined
that DSC activation with the addition of RGD may slightly increase the growth of the 2 nd
block copolymer.
pNIPAM-co-HEMA was also characterized by Atomic Force Microscopy (AFM), a
technique used to characterize the surface topography of a substrate. In tapping mode,
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Table 1: Ellipsometry comparisons of polymer brush thickness and how it affects
polymer brush growth. Thickness was compared on pNIPAM-co-HEMA samples to
compare brush growth with and without the addition of the cell adhesion molecule,
RGD. Both pHEMA and pNIPAM were investigated as second block copolymers.
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First block

2nd block
Copolymer

Polymerization
time of 2nd
block
copolymer

Addition
of RGD

Total
Thickness

BMPUS (Initiator)

--

--

3.4-3.5nm

pNIPAM-co-HEMA

--

--

26.5nm

pNIPAM-co-HEMA

pHEMA

2.0 hr

--

40.9

pNIPAM-co-HEMA

pHEMA

1.0 hr

RGD

64.4nm

pNIPAM-co-HEMA

pHEMA

1.5 hr

RGD

64.5nm

pNIPAM-co-HEMA

pHEMA

2.0 hr

RGD

62nm

pNIPAM-co-HEMA

pHEMA

4.0 hr

RGD

67.2nm

pNIPAM-co-HEMA

pNIPAM

1.0 hr

--

45.1nm

pNIPAM-co-HEMA

pNIPAM

1.0 hr

RGD

113nm

pHEMA only (2hr)

--

--

33.3nm

pNIPAM only (1hr)

--

--

132.3 nm
+/- 4.62
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AFM uses a cantilever with a sharp tip to scan the surface of samples without damaging
the sample. As the tip gets close in proximity to the sample, forces (such as Van der
Waal forces) cause the cantilever to deflect and this deflection is measured by a laser.
As seen in Figure 5, we show atomic force microscopy of pNIPAM-co-HEMA after
patterning. pNIPAM-co-HEMA was grown on silicon wafers as the primary block and
subsequently patterned with S1813 photoresist and a second block copolymer pNIPAM
was grown on top in 100μm triangles. When growing the brush, we expect the surface
to be rather uniform however, surface roughness and the visible ‘holes’ are probably
due to collapse of brush in the dry state (Choi et al 2013). Characterizing surfaces using
AFM is advantageous because it confirms the presence of patterns and can reveal the
thickness of the block copolymer. In Figure 6, we show pNIPAM as the primary brush
and pHEMA as the top block copolymer. AFM analysis shows a height increase of 50nm.
Light microscopy exposes the entire pattern and we can see that pNIPAM is successfully
patterned on top of pHEMA in 50μm by 50μm lines.
X-Ray Photoelectron Spectroscopy (XPS) uses an x-ray source and electron
analyzer in order to identify elements on the surface of a sample. Our pNIPAM-coHEMA substrates are ~10-100nm in thickness and are not visible to the naked eye.
Therefore, confirming the presence of the correct elements is critical. Polymer brushes
were grown on silicon wafers and separate samples were made with increasing
concentrations of HEMA. The unique difference between pNIPAM and pHEMA lies
within their structures. pNIPAM contains repeating nitrogen groups whereas pHEMA
does not (Figure 3). Shown in Figure 7, we are getting a larger percentage of HEMA,
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Figure 5. Surface of pNIPAM-co-HEMA as detected by Atomic Force Microscopy.
pNIPAM-co-HEMA with pNIPAM as the second block copolymer were sonicated in
methanol, dried, and imaged. A) Atomic Force Microscopy of triangle patterned
pNIPAM-co-HEMA with height scales of 80μm B) 50μm. C-D.) AFM at height scale of
5.0μm and 1.0μm of the unpatterned region. E-F) AFM at height scale of 5.0μm and
1.0μm on the triangle of the patterned area. AFM experimentation was carried out by
Kristi Singh.
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Figure 6: Atomic Force Microscopy analysis of patterned pNIPAM. Samples with
primary blocks of pHEMA and secondary block of PNIPAM were grown on silicon wafers,
cleaned and sonicated in methanol. AFM imaging shows that pNIPAM is about 50nm in
thickness.
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Figure 7. X-ray Photoelectron Spectroscopy (XPS) analysis of pNIPAM-co-HEMA.
Polymer brush samples were made with pNIPAM and increasing amounts of HEMA
monomer in order to verify the incorporation of HEMA. Samples were then analyzed by
XPS and relative counts (percent experimental) are plotted against percent HEMA
inclusion. As the amount of HEMA increases, the percentage of nitrogen decreases. XPS
experimentation and analysis was carried out by Dr. Sara Lane.
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than we are including in the polymerization solution. A %Nitrogen of 6 corresponds to
approximately 50% HEMA inclusion. You may notice that the %Carbon is larger than it
should be. This is because of adventitious carbon, a thin layer of carbonaceous material
on the surface, which is normal for any surface to have (Dubey et al 2010). Here we
have demonstrated that pHEMA is incorporated into pNIPAM. We observed that as the
concentration of HEMA increases, the nitrogen count (pNIPAM) decreases albeit more
HEMA is incorporated than expected.
Fourier Transform Infrared Spectroscopy (FTIR) is a common technique used to
attain an absorption or emission spectrum of different materials and also provides
information on structure based on the vibration energy of the chemical bonds. Figure 8
displays the transmission FTIR spectra for steps during the patterning process. We
determined pHEMA’s absorption signature before and after patterning, which contain
the same peaks. In addition, pNIPAM exhibited characteristic absorptions at 1650 cm-1
and 1533 cm-1 (Alarcon et al 2005). Due to the characteristic sharp peak at 1500 cm-1,
we can confirm the presence of S1813 photoresist. When photoresist is removed from
the surface post patterning, our starting material remains pHEMA as the primary block
copolymer in Figure 8, and the 1500 cm-1 peak is no longer present (Yom et al 2012).
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Figure 8: Fourier Transform Infrared Spectroscopy (FTIR) confirms presence of
patterned brushes after photolithography. Transmission FTIR of A.) the primary
pHEMA polymer brush B.) pHEMA with the S1813 photoresist on top C) pHEMA only
region after pNIPAM growth and D) pHEMA after of photoresist (d) pNIPAM on pHEMA
region. The data was normalized by the intensity of the peak around 1750 cm-1 and
then offset (Yom et al 2012).

37

b - PHOTORESIST

a - PHEMA

FTIR
Absorbance
(Normalized and offset)

4
3

d

2

c

1

b

0

a

1000

1200

1400

1600

1800
-1

Wavenumber (cm )

38

2000

B. Activated pNIPAM-co-HEMA supports cell growth and cell sheet development.
Analyzing the growth of cells on each substrate and comparing that growth to
other substrates helps determine whether or not a given surface is compatible to
support a cell sheet. Other researchers have found that by controlling the chain length
and grafting density of pNIPAM via surface-initiated RAFT polymerization we can
effectively support cell growth and detachment (Takakashi et al 2011). However, we
have found that using ATRP process causes pNIPAM to be non-bio fouling and cells will
not grow on the surface. Here we compare cell growth of H1299, an immortalized
human lung carcinoma cell line, on pNIPAM and DSC-activated pNIPAM-co-HEMA with
increasing concentrations of HEMA. H1299 were seeded at 1 x 105 cells/well and
monitored for growth over 72 hours. As shown in Figure 9a and 9b, cells attach and
grow on each of the samples containing pHEMA. However, looking closely at Figure 9a,
samples that contain pNIPAM alone display no cell growth. In addition conditions with
15% HEMA showed slightly higher H1299 cell proliferation compared to 5 and 10%
HEMA samples over a 72 hour period (Figure 9b).
Akiyama et al. show that by controlling the grafting density and thickness of
pNIPAM, optimal cell attachment and cell sheet detachment occur (Akiyama et al.
2004). Here we determined that ATRP is not a sufficient method to replicate these
results as shown in Figure 10. We compared HaCaT cell growth on 4 separate
conditions. The density of pNIPAM was regulated by the density of the initiator,
BMPUS. By decreasing the concentration of BMPUS on the surface, pNIPAM has fewer
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Figure 9: pNIPAM-co-HEMA supports cellular adhesion. H1299, an immortalized human lung
carcinoma cell line, used as a model, were seeded and observed on pNIPAM-co-HEMA films
after 72 hours at 37°C. A) H1299 are shown to be confluent after 72 hours on pNIPAM-coHEMA films whereas, cells do not grow on pNIPAM alone films. B) Bar graph showing total
number of cells after 1-3 days of growth. 15% HEMA showed best cell growth albeit not
statistically significant. Scale bars-100 µm
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Figure 10: HaCaTs exhibit poor adhesion to pNIPAM-co-HEMA below 5% HEMA
inclusion. HaCaTs were seeded onto activated pHEMA and pNIPAM-co-HEMA at
1.5x105 cells/well in a six well dish. After monitoring for 72 hours pictures were taken
with a Leica microscope. Scale bar - 100μm
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places to begin growth therefore lowering density. We see that cells grow well on the
BMPUS surface; however after polymerization with pNIPAM growth begins to plummet.
The results are similar to our previous results, where densely packed and thick pNIPAM
(>20nm) deters cellular adhesion (Figure 9). Furthermore, thin pNIPAM (<20 nm) also
did not allow for cell growth.
To confirm the necessity of DSC activation, we investigated cell growth on a
pHEMA surface with and without RGD. Ethyl amine is used as a control in order to
quench the surface after DSC activation. Cells were seeded at 1 x 10 5 cells/well and
monitored over 72 hours. Figure 11, illustrates that without DSC activation pHEMA
also prevents H1299 adhesion. In addition, we see that cell growth appears to be
similar with and without RGD when activated with DSC suggesting that functional
groups activated by DSC may directly bind to cell surface proteins.
C. Treatment of cell sheets with 4°C cell culture media enhances cell sheet
detachment.
The lower critical solution temperature of pNIPAM is at 32°C. Below this
temperature pNIPAM changes shape and expands from its globular condensed
structure. However, our material contains HEMA as well thereby changing its LCST.
Changing the temperature to well below the LCST has been shown to enhance cell sheet
detachment. Figure 9, compares cell growth on pNIPAM-co-HEMA at 5, 10, and 15%
HEMA. Cell detachment was monitored closely over 24 hrs. Optimal cell detachment at
low temperatures should occur in the first hour before cell death. However, H1299
failed to detach before cell death at 20°C (not shown).
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Figure 11: pHEMA confirmed to deter adhesion of cells without DSC activation. H1299
cells are seeded onto pHEMA on glass slides. Cells were allowed to grow and were
observed for 72 hours. DSC Activated slides with or without RGD produce similar cell
growth results. Cells do not attach to pHEMA without DSC activation whether with RGD
or ethyl amine.
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Reed et al. observed fastest cell sheet detachment with 4°C serum free media because it
slows cell metabolism thus making it easier for cells to detach from a surface which they
are strongly bound (Reed et al. 2008). We observed that cells did respond much more
quickly to cold media shown in Figure 12. Here, H1299 are seeded 2x105 cells/well in a
6-well dish and monitored for cell growth and confluency over 48 hours. Conditions
included 5 and 10% pNIPAM-co-HEMA with pNIPAM as the block copolymer patterned
as a large square. We investigated DSC activation with and without RGD as compared
to no DSC activation. After reaching confluency, cells were carefully transferred to a
new dish and rinsed with PBS to remove residual DMEM. Finally cells were exposed to
4°C SFM and immediately surveyed with a Leica microscope thereafter. H1299
detached from 5 and 10% samples with No DSC activation in 5 and 10 minutes
respectively. However, RGD samples took as long as 30 min to begin sheet detachment
although complete sheet detachment did not occur on these samples.
Due to observations that cells detach from a surface with less HEMA, we
investigated cell sheet detachment by comparing 3% and 4% pNIPAM-co-HEMA. Here,
SAOS-2 were seeded 3 x 105 cells/well onto 3, 4, and 5% DSC activated pNIPAM-coHEMA as well as 100mM DSC and 50mM DSC, then monitored for confluency over 72
hours. Once cells reached confluency, they were exposed to 4°C SFM and closely
monitored. In Figure 13, we observed that cell detachment occurred within minutes
for 3% DSC activated pNIPAM-co-HEMA, as well as for all conditions however entire cell
sheet detachment only occurred on 5% pNIPAM-co-HEMA with 50mM DSC activation.
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Figure 12: 4°C cell culture media induces rapid cell sheet detachment. H1299 were
seeded at 2x105 cells/well and monitored for growth and adherence over 48 hours on 4
conditions. 5% pNIPAM-co-HEMA is shown here without DSC activation. Subsequently,
cells were exposed to 4°C Serum Free Media and monitored for cell sheet detachment.
Not shown – 5% pNIPAM-co-HEMA exhibited cell sheet detachment. Scale bars 100μm.
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Figure 13: SAOS-2 completely detach from 3% pNIPAM-co-HEMA. SAOS-2 were seeded onto
3% pNIPAM-co-HEMA and observed for cell attachment. At confluency they were placed in 4°C
cell culture media to allow cell detachment. A) Cells are confluent at 72 hours. B) Cells
detached from surface when placed in 4°C cell culture media, however cell sheets began to roll
and shrink. Arrow points to detached cell sheet. Scale bar-100 µm
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D. Patterned pNIPAM-co-HEMA supports cell sheet detachment for NIH3T3 and
SAOS-2.
NIH3T3, a mouse fibroblast cell line, is used as a model in Figure 14. Cells were
seeded on 5% pNIPAM-co-HEMA with 100μm triangles of pNIPAM on top. After 72
hours, NIH3T3 reached confluency. In Figure 14a, we observed a patchy appearance of
cells due to the triangle patterns. Subsequently, cells were exposed to 4°C DMEM
culture media and as seen in Figure 14b, immediately began to detach from the surface
although they do not completely detach from the surface.
Figure 15, shows a comparison of the effects of treating cells with cold FBS
versus SFM. NIH3T3 were grown to confluency over 72 hours on 5% pNIPAM-co-HEMA
and activated with 100mM or 50mM DSC. We observed that after incubation with 4°C
SFM all cell sheets detached from surface completely or nearly completely. On the
other hand, samples which were exposed to 4°C FBS, cell sheets detached partially or
not at all.
In order to confirm that the effects of 4°C cell culture media on cell sheets a
trypan blue assay was conducted. Trypan blue is a vital stain which is taken up by dead
cells lacking intact cell membranes. Samples which detached from the surface were
trypsinized, stained, and counted. Figure 16, illustrates that cell sheet which detach
from the surface do not undergo cell death due to the abrupt change in temperature. In
fact, Reed et al, have also shown that cell detachment occurred most reliably at 4°C in
serum free media.
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Figure 14: Patterned cell sheets detach after exposure to 4°C. NIH3T3 were cultured
for 72 hours on 100µm triangle patterns of pNIPAM-co-HEMA/pNIPAM. A) NIH3T3 cells
grow around the triangle patterns appearing as patchy growth. B) After lowering
temperature to 4°C, cells immediately start to change morphology and detach from the
patterned surface. Scale bars-100µm
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Figure 15: Cell sheet detachment occurs rapidly with Serum Free Media. Cells were
seeded on 5% pNIPAM-co-HEMA and observed until confluency. After 72 hours, NIH3T3
were incubated with 4°C Serum Free Media and observed for cell sheet detachment. In
all serum free samples cells detached, completely or almost completely.

55

56

Figure 16: Trypan blue assay confirms cell sheet detachment methods do not cause
cell death. Cells were detached from a 5% pNIPAM-co-HEMA surface using 4°C cell
culture media then trypsinized for cell counting. Surfaces were activated with either
50mM DSC or 100mM DSC.
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IV. Discussion
A. Future Work
Cell sheet engineering is a growing field due to the shortage in organ
transplantation and the need for alternative methods of tissue regeneration. Poly N(isopropylacrylamide) has been widely researched due to its transition temperature at a
physiological range which is optimal for cell sheet support and detachment. Many
others have explored variables such as addition of comonomers and biomolecules, and
modification of pNIPAM grafting densities and thickness. Although there are hundreds
of publications in this area, to date, there is room for improvement on tuning,
patterning, and functionalizing the pNIPAM surface for cellular attachment and
detachment. There are many variables that exist so that cell sheet attachment and
detachment can occur in the least amount of time and the most efficient way for all
types of cells and tissues. This work takes advantage of ATRP and its ability to pattern
the surface multiple times and the ability to use DSC-coupling which can bind a range of
biomolecules.
Table 1 exposed differences in growth rates of block copolymers with and
without the addition of DSC. When pNIPAM-co-HEMA is activated with DSC and RGD,
the second block copolymer, pNIPAM is allowed to react for 1 hr. pNIPAM growth
increases from 45.1 nm to 113 nm due to the activation with DSC. In addition, when
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pHEMA is the second block copolymer (reacted for 2 hours) and also DSC activated,
brush growth increased 20 nm. Diamanti et al observed increases in brush thickness
using DSC where pHEMA was the primary block. DSC causes pHEMA’s hydroxyl group to
be broadly reactive and therefore the side chains are more susceptible to reinitiation
(Diamanti et al 2008). Furthermore, Figure 11 compares the growth of H1299 with and
without DSC and RGD. We observed that addition of RGD did not greatly enhance
cellular adhesion and cellular growth appeared comparable to that of DSC alone. Post
functionalization of pHEMA with DSC allows the tunability of the surface chemistry to
allow for cellular adhesion. Once again, DSC coupling and its ability to broadly bind a
wide range of proteins and peptides negated RGD’s more specific integrin binding motif.
Further work after this experiment was in the absence of RGD. In addition, the methods
used herein to create a block copolymer system can be used to create a multicomponent polymer brush system (Yom et al 2012). Therefore, out approach which
allows the covalent modification of the surface of pNIPAM through the use of the
copolymer HEMA and DSC can be used to tailor the surface with other proteins and
peptides which may enhance other cellular properties.
In this study, we found that pNIPAM when grown as a single monomer did not
allow for cell adhesion without the addition of a comonomer (Figure 9). Regulation of
pNIPAM thickness can control the surface characteristics of the polymer brush and
therefore influence the attachment and detachment of cells (Elloumi-Hannachi et al
2009). Other researchers found that by controlling the density at approximately 1.4 μg
cm-2, optimal cell sheet attachment and detachment occur (Akiyama et al 2004).
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However, polymers grafted on different substrates exhibit various cell attachment and
detachment behavior. Fukumori et al, found that the amount of grafted polymer for
tissue culture polystyrene dishes that allowed for cellular attachment (1.4 μg cm -2) far
differed from that necessary for cellular attachment on a glass surface. On glass,
cellular attachment and detachment occurred at 0.86 μg cm-2 whereas pNIPAM became
non-biofouling on glass at 1.28 μg cm-2.
Further work needs to be accomplished concerning the interaction of
photoresist and pNIPAM-co-HEMA after photolithography. Our research showed that
after UV exposure, S1813, caused pHEMA to become fouled and allowed the
attachment of cells and proteins without DSC activation. This proved to be a major
problem when we relied on pHEMA’s anti-fouling properties to achieve positive and
negative patterns. In Figure 12, substrates were patterned with large squares in the
center (not shown). We observed cells adhering to pNIPAM-co-HEMA after patterning
although it was not DSC activated. This behavior was not observed on pNIPAM-coHEMA substrates prior to patterning. When comparing cell sheet detachment with
surfaces that are only DSC activated and those that have been both DSC activated and
patterned, we noted a decrease in time for sheet detachment. Further work should be
done to determine if, cellular detachment is in fact enhanced due to UVphotolithography with S1813 photoresist. Hopefully, this can clarify exactly which
components of the photolithography process cause the adhesive properties of pHEMA
to change.
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Treatment of cell sheets with 4°C cell culture media enhances cell sheet
detachment. When the temperature of pNIPAM is lowered to an optimal range (less
than 20°C) in an aqueous environment, pNIPAM expands to a swollen hydrated state
and cells start to change morphology and lose their flattened appearance (Figure 14)
(Yamato et al 1999). This occurs because the cytoskeleton is reorganizing and cells
begin to lose tensile strength associated with stress fibers at lower temperatures (Ingber
et al. 1994). Subsequently, cell sheets detach from the surface. Reed et al, found that it
is ideal to halt cellular metabolism by using very cold serum free media in order to
achieve fast and reliable cellular detachment (Reed et al. 2008). Figure 15 compares
cellular detachment between serum free media and fetal bovine serum media. The
glass only controls do not exhibit cellular detachment when exposed to cold SFM or FBS
as expected however, both pNIPAM-co-HEMA substrates which were serum starved
detached from the surface. This is most likely due to serum free media not containing
growth factors and other biomolecules that promote cellular adhesion.
B. Cell sheet engineering to create functional tissues
Cell sheet engineering has yielded many advantages over traditional tissue
engineering. There have been quite a few successes in clinical trials which use
thermoresponsive polymers to grow living cells and collect contiguous cell sheets.
Instead of using biomaterials to help cells interact with a surface, this method allows
living cells to directly and controllably attach to damaged tissue and repair functionality
(Yang et al). There are some instances in which a single layered cell sheets can restore

62

function to a tissue. For example, some researchers have examined replacement of
corneal tissue which has been damaged. By growing autologous oral mucosal cells or
stem cells on a pNIPAM TCPS, they successfully were able to replace the corneal
epithelial layer that had been damaged. Afterwards, researchers observed substantial
long-term improvement in visual sharpness (Elloumi-Hannachi et al). On the other
hand, cell sheets can be layered to create a three-dimensional structure. For instance,
researchers layered cardiomyocyte cell sheets to create tissues that are densely packed
to mimic myocardium. Remarkably, the cardiomyocyte cell sheets contain functional
gap junctions which promote electrical synchronization and improved damaged heart
function (Yang et al).
In this study, we focused on optimization of pNIPAM and pHEMA in order to
allow several different cell types to grow and detach. By using model cell lines such as,
H1299, a human non-small cell lung carcinoma cell line, we take advantage of their rapid
growth in order to determine cell viability and attachment. Here we demonstrate that
we have incorporated HEMA into the material and activated the surface to allow for cell
attachment. We also confirmed the attachment and proliferation of several cell types
including HaCaT cells, NIH3T3, and SAOS-2.
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V. Abbreviations
AFM – Atomic Force Microscopy
ATRP – Atom Transfer Radical Polymerization
BMA – n-butyl methacrylate
BMPUS – Undecen-1-yl 2-bromo-2-methylpropionate
DSC – Disuccinimidyl carbonate
DMAP - Dimethylaminopyridine
DMEM – Dulbecco’s Modified Eagle’s Medium
DMF – Dimethylformamide
ECM – Extracellular Matrix
EGF – Epidermal Growth Factor
FBS – Fetal Bovine Serum
FTIR – Fourier Transform Infrared Spectroscopy
LCST – Lower Critical Solution Temperature
MPDSAH – ((3-(methacryloylamino)propyl)-dimethyl(3-sulfopropyl)ammonium
hydroxide)
pHEMA – poly(2-hydroxyethylmethacrylate)
PMDETA – 2, 2’ –bipyridine, N,N,N’,N’,N’’-pentamethyldiethylenetriamine
pNIPAM – poly(N-isopropylacrylamide)
RAFT - Reversible Addition-Fragmentation chain Transfer
RGD – Arginine-Glycine-Aspartic Acid
RGDS – Arginine-Glycine-Aspartic Acid-Serine
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SFM – Serum Free Media
TCPS – Tissue Culture Polystyrene
VEGF – Vascular Endothelial Growth Factor
XPS – X-ray Photoelectron Spectroscopy
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